INTRODUCTION
============

Glufosinate is a phosphorus-containing amino acid, which is an active ingredient in non-selective herbicides,[@B1] and an analog of glutamate that inhibits glutamine synthetase in plants and blocks the synthesis of glutamine from glutamate and ammonia. Intracellular accumulation of ammonia in turn causes tissue necrosis and death of the plant.[@B2]

Since 2013, we have noticed an increase in the number patients with glufosinate poisoning admitted to the emergency department (ED) at Wonju Severance Christian Hospital, Wonju College of Medicine, Yonsei University, Wonju, Korea. We suspect that glufosinate is seeing greater use as a non-selective herbicide, because sales of Gramoxone® (paraquat) were banned in South Korea in November 2012 and glufosinate is advertised to have low toxicity to humans and the environment.

Previous reports indicate that glufosinate poisoning can cause severe complications, such as serious disturbances of consciousness, seizures, and amnesia,[@B1][@B2][@B3][@B4][@B5] after latent periods of 4-60 hours.[@B5] Severe complications and the delayed manifestations of severe complications can make it difficult for clinicians to treat glufosinate-poisoned patients. Therefore, predictors of complications would assist clinicians in the treatment of glufosinate-poisoned patients. However, predictors of complications[@B6] remain unknown, and existing reports regarding serum ammonia levels as a probable predictor of severe neurotoxicity are limited to case reports.[@B7] Therefore, we investigated baseline characteristics, clinical presentations, complications, and factors that can be readily assessed in the ED to determine which are predictive of neurologic complications in glufosinate-poisoned patients.

MATERIALS AND METHODS
=====================

Study design and data
---------------------

This was a retrospective and observational study of consecutive patients who were diagnosed with acute glufosinate herbicide poisoning between May 2007 and July 2014 at the ED of Wonju Severance Christian Hospital, Wonju College of Medicine, Yonsei University, Wonju, Korea.

Poisoning with glufosinate was confirmed by patient or guardian statements, and verification of the agent was performed by an emergency physician who transcribed the bottle label into patient records.

Data were retrospectively collected from medical records and reviewed. The following parameters were assessed: age, gender, amount of glufosinate ingested, cause of poisoning, time elapsed from ingestion to arrival at the ED, initial symptoms, initial mental status \[Glasgow Coma Scale (GCS)\], electrocardiogram (ECG), initial vital signs, complications during hospitalization, and mortality. We defined the amount of glufosinate ingested as glufosinate concentration×volume of ingestion, and defined volume of ingestion as \"a little\" or \"a spoonful\" (5 mL); \"a mouthful\" (25 mL); \"a small cup\" (100 mL); and \"a bottle\" (300 mL).[@B8] We also evaluated serum ammonia, arterial blood gas, serum lactate, blood urea nitrogen (BUN) and creatinine (CR) in the ED.

The patients were divided into two groups. The neurologic complication group was defined as patients with GCS\<8, seizure, and/or amnesia during hospitalization, while the nonneurologic complication group included patients with none of these complications.

We investigated the baseline characteristics of the two groups and the latent periods of complications and predictors of neurologic complications among parameters that are readily assessed in the ED. Total admission days, intensive care unit (ICU) admission days, and mortality were used to compare prognoses between the two groups.

This study was approved by the Institutional Review Board of Wonju College of Medicine, Yonsei University (approval number YWMR-13-5-040).

Statistical analysis
--------------------

Statistical analyses were performed using IBM SPSS, version 20 (IBM, Aramark, NY, USA). Nominal data are presented as frequencies and percentages, and continuous variables are presented as mean and standard deviation and median and interquartile range (IQR) after assessments for normality using the Shapiro-Wilk test. The chi-square test or Fisher\'s exact test were used for comparisons of nominal variables, while the twosample t-test or Mann-Whitney U-test were used to compare continuous variables. Predictors of neurologic complications were determined by logistic regression analysis and optimal cut-off points of predictors were evaluated by receiver operation characteristic (ROC) curves and the Youden index. *p*-values less than 0.05 were considered statistically significant.

RESULTS
=======

Baseline and laboratory characteristics of patients with glufosinate poisoning
------------------------------------------------------------------------------

A total of 45 consecutive patients were identified for inclusion in this study. Exclusion criteria were poisoning with any additional material except for alcohol (2 patients; paraquat 1, pyrethroid 1), liver diseases that can cause hyperammonemia (4 patients), and insufficient data (5 patients) ([Fig. 1](#F1){ref-type="fig"}). Between 2007 and 2014, the total number of patients who visited the ED ranged from 28382 and 40465 patients annually.

There were 32 men in the sample (71.7%), ranging from 24 to 84 years of age with a mean age of 58±15 years. All patients ingested glufosinate concentrations of 18%, and the median ingested amount of glufosinate was 27.0 (IQR 13.5-54.0) g. A total of 35 patients (77.8%) had ingested glufosinate with suicidal intentions ([Table 1](#T1){ref-type="table"}).

The most common initial symptoms at the ED included nausea and vomiting (29 patients, 64.4%), and other less common clinical effects included dizziness and odynophagia ([Table 1](#T1){ref-type="table"}). The median initial GCS was 15 (IQR 12-15), and the average initial serum ammonia was 97.0 (IQR 53.3-130.0) ug/dL (reference range: 19-54 ug/dL) ([Table 1](#T1){ref-type="table"}).

Complications during hospitalization after glufosinate poisoning included GCS\<8 (27 patients, 60.0%), seizure (23 patients, 51.1%), amnesia (5 patients, 11.1%), respiratory failure (14 patients, 31.1%), intubation and ventilator care (23 patients, 51.1%), shock (2 patients, 4.4%), pneumonia (16 patients, 35.6%), and acute kidney injury (AKI) (10 patients, 22.2%), respectively. Average total admission length and ICU admission length were 8 (IQR 3-14) and 2 (IQR 0-7) days, respectively. Four patients (8.9%) died after admission ([Table 2](#T2){ref-type="table"}). Causes of mortality were respiratory failure (2 patients) and multi-organ failure (2 patients), respectively.

Characteristics of patients according to the presence of neurologic complications
---------------------------------------------------------------------------------

The neurologic complication group included 29 patients (64.4%). Patients in the non-neurologic complication and neurologic complication groups differed in terms of age, initial GCS, and initial serum ammonia, respectively. In daily patterns of serum ammonia between two groups, neurologic complication group had higher serum ammonia levels ([Fig. 2](#F2){ref-type="fig"}). There were no differences in gender, ED arrival time after poisoning, cause of poisoning, ingested amounts, or initial vital signs between the two groups ([Table 1](#T1){ref-type="table"}). Shock, amnesia, pneumonia, AKI, and mortality did not appear initially, and complications of GCS\<8, seizure, respiratory failure, and intubation and ventilator care appeared during latent periods within 11 hrs, 34 hrs, 14 hrs, and 48 hrs, respectively ([Table 2](#T2){ref-type="table"}).

Median total admission length was 3 (IQR 1-5) days and 12 (IQR 7-15) days in the non-neurologic complication group, compared to the neurologic complication group (*p*\<0.001). Median ICU admission length was 0 (IQR 0-0) days and 6 (IQR 0-9) days in the non-neurologic complication group, compared to the neurologic complication group (*p*\<0.001) ([Table 1](#T1){ref-type="table"}).

Predictors of neurologic complications
--------------------------------------

Multiple logistic regression analyses to determine factors related to the development of neurologic complications, including GCS\<8, seizure, and amnesia, identified initial serum ammonia (odds ratio, 1.039; 95% confidence interval, 1.001-1.078, *p*=0.046) as statistically significant. The optimal point of initial serum ammonia was 86 ug/dL (sensitivity: 72%, specificity: 64%, and area under the curve 0.742) according to ROC curves and the Youden index ([Table 3](#T3){ref-type="table"}).

DISCUSSION
==========

According to evidence gleaned from previous studies,[@B1][@B9][@B10] increases in ammonia levels may affect glufosinate-related neurotoxicity and predict severe complications, such as neurotoxicity, although these previous studies were all case reports.[@B7][@B11] Most recently, Mao, et al.[@B7] reported that hyperammonemia may be a potential marker of severe neurotoxicity in patients with glufosinate poisoning; however, because their report was also a case report (3 patients), the statistical power was insufficient.

In the present study, we assessed initial serum ammonia levels for 41 patients (91%) out of 45 patients with acute glufosinate poisoning treated at our ED. In this study, initial serum ammonia levels were higher in the neurologic complication group (*p*=0.022) ([Table 1](#T1){ref-type="table"}), and was also a significant predictor of neurologic complications, such as decreased mental capacity, seizure, and amnesia ([Table 3](#T3){ref-type="table"}). Also, complications were not present at the time of ED arrival in many patients. Severe symptoms, signs, and complications, including decreased mental change, seizure, intubation and ventilator care, can suddenly develop over a latent period in glufosinate poisoning patients ([Table 2](#T2){ref-type="table"}). Therefore, we propose that clinicians should check initial serum ammonia levels to predict the likelihood of neurologic complications in glufosinate-poisoned patients admitted to the ED. Inoue, et al.[@B6] reported that severe complications following acute glufosinate poisoning were associated with two positive cases of systemic inflammatory response syndrome (SIRS); however, we did not detect any differences between patient groups in terms of the two positive SIRS criteria ([Table 1](#T1){ref-type="table"}). Further investigations will be needed.

In this study, a total of 64.4% of the patients in our sample were included in the neurologic complication group (GCS\<8, seizure, and amnesia). Mao, et al.[@B12] identified a severe/fatal group (respiratory failure, coma, seizure, shock, and death) of 33 patients (28.7%) out of 115 patients with oral exposure. Inoue, et al.[@B6] defined severe complications as follows: respiratory arrest, convulsion, and severe disturbance of consciousness (GCS\<8). The total number of patients with severe complications in their study was 8 (50%) out of 16 patients. In our study, the sample was enriched in terms of patients with severe disturbance of consciousness (60.0%) and seizure (51.1%) unlike the samples used in Mao, et al.[@B12] and Inoue, et al.[@B6] (20.9% and 50.0%, 8.7%, and 18.8%), respectively. Between our study, the Mao, et al.[@B12] study, and the Inoue, et al.[@B6] study, there were no significant differences in terms of age and ingested amounts \[62±15 yrs vs. 60 (IQR 40-72) yrs vs. 74 (IQR 65-86) yrs; 27.0 (IQR 18.0-54.0) g vs. 30.4 (IQR 18.5-45.6) g vs. 27.8 (IQR 9.3-55.5) g\]. The results of this study indicate that acute glufosinate poisoning can cause complications much more often than previously reported. Accordingly, we stress that glufosinate is not safe for human ingestion.

In this study, we found that shock was observed in only 2 patients (4.4%), unlike Mao, et al.[@B12] (11.3%). In our sample, all of 2 patients with shock did not use adrenergic drugs. This may indicate that solvents or surfactants differ in glufosinate products, as Koyama, et al.[@B13] reported that cardiovascular symptoms are caused by surfactants. In the present study, amnesia was observed in 5 patients (11.1%). Nevertheless, because this study was retrospective, records of amnesia may have been insufficient. We hypothesize that the actual prevalence of amnesia in our sample was greater. Therefore, prospective studies may be needed. There was no required hemodialysis in patients with AKI during hospitalization.

Hori, et al.[@B14] reported that severe complications, such as seizure, respiratory failure, and severe disturbance of consciousness, appear after latent periods of 4-60 hours. In the present study, seizures suddenly occurred until 34 hrs after ED arrival and intubation was performed until 48 hrs after ED arrival. Therefore, patients should be monitored carefully for at least for two days after arrival. Records for 18 out of 23 patients with seizures were investigated regarding medication of seizure control. Since seizures in 10 (55.6%) out of 18 patients were not controlled by IV lorazepam, other seizure medications such as phenytoin were used. This may indicate that seizures caused by glufosinate poisoning cannot be easily controlled.

Age differed between the patient groups, with the neurologic complication group being older than the non-neurologic complication group. Mao, et al.[@B12] also found that the severe group \[60 (IQR 40-72) years\] was older than the non-severe group \[42 (IQR 28-54) years\]. This result may be explained by the lack of physiologic functional reserve in older patients. Initial GCS scores differed between groups, perhaps because older patients have poor physiologic defense mechanisms against glufosinate poisoning. In addition, they also had longer stays in terms of total and ICU admission than patients in the non-neurologic complication group.

This study had some limitations. First, it was a retrospective study and involved only one hospital. As a result, not all relevant assessment parameters were included. In particular, we did not investigate parameters, such as vomiting before ED arrival and the amount of toxicants ingested, and ED arrival time after ingestion may have been overestimated or underestimated. Second, since the exact percentages of glufosinate, solvent, and surfactant ingested by patients are unknown, their clinical influence could not be predicted. Third, GCS can be affected by co-ingestion of alcohol as well as by glufosinate herbicide. In our study, 48.9% of patients co-ingested alcohol with glufosinate. However, there were no differences in the incidence of alcohol co-ingestion between the two groups ([Table 1](#T1){ref-type="table"}). In addition, the neurologic complication group included 15 of 23 patients (65.2%) who ingested glufosinate alone. This did not differ from the percentages found among all patients (64.4% in 45 patients). Even when we eliminated the effects of alcohol, patients in the neurologic complication group had lower initial GCS scores than patients in the non-neurologic complication group \[13 (IQR 8-15) vs.15 (IQR 15-15), respectively, *p*=0.006\]. Notwithstanding, the lack of evaluation of the presence of alcohol co-ingestion by serum ethanol level in all included patients is a limitation of our study. Further studies are required to clarify these details.

Neurologic complications, such as GCS\<8, seizure, and amnesia, developed in 64.4% of patients with acute glufosinate poisoning, and the most common complication was severe disturbance of consciousness (GCS\<8). Initial serum ammonia level may be a predictor of neurologic complications.
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###### Characteristics and Laboratory Findings of Patients with Acute Glufosinate Poisoning
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  Characteristics                                    Total (n=45)           Non-neurologic complication group (n=16; 35.6%)   Neurologic complication group (n=29; 64.4%)   *p* value
  -------------------------------------------------- ---------------------- ------------------------------------------------- --------------------------------------------- -----------
  Age (yrs)                                          58±15^\*^              49±12^\*^                                         62±15^\*^                                     0.005
  Male                                               32 (71.1%)             13 (81.3%)                                        19 (65.5%)                                    0.322
  Time elapsed from ingestion to ED arrival (mins)   241 (151-366)^†^       250 (95-383)^†^                                   241 (158-366)^†^                              0.922
  Ingested amount (g)                                27.0 (13.5-54.0)^†^    22.5 (1.8-36.0)^†^                                27.0 (18.0-54.0)^†^                           0.159
  Intentional poisoning                              35 (77.8%)             11 (68.8%)                                        24 (82.8%)                                    0.455
  Co-ingested with alcohol                           22 (48.9%)             8 (50.0%)                                         14 (48.3%)                                    1.000
  Gastric lavage                                     38 (84.4%)             12 (75.0%)                                        26 (89.7%)                                    0.225
  Activated charcoal                                 35 (77.8%)             12 (75.0%)                                        23 (79.3%)                                    0.726
  Initial symptoms at ED                                                                                                                                                    
   Sore throat                                       9 (20.0%)              5 (31.3%)                                         4 (13.8%)                                     0.245
   Odynophagia                                       2 (4.4%)               0 (0%)                                            2 (6.9%)                                      0.531
   Nausea/vomiting                                   29 (64.4%)             10 (62.5%)                                        19 (65.5%)                                    0.840
   Abdominal pain                                    8 (17.8%)              4 (25.0%)                                         4 (13.8%)                                     0.427
   Dyspnea                                           11 (24.4%)             1 (6.3%)                                          10 (34.5%)                                    0.067
   Dizziness                                         6 (13.6%)              1 (6.3%)                                          5 (17.2%)                                     0.399
  SBP (mm Hg)                                        133 (120-158)^†^       132 (120-168)^†^                                  133 (117-157)^†^                              0.822
  PR (per min)                                       96±20^\*^              87±18^\*^                                         82±18^\*^                                     0.387
  Initial GCS                                        15 (12-15)^†^          15 (15-15)^†^                                     13 (10-15)^†^                                 \<0.001
  QT prolongation in ECG                             5 (11.1%)              1 (6.3%)                                          4 (13.8%)                                     0.641
  Two positive SIRS                                  21 (46.7%)             5 (31.3%)                                         16 (55.2%)                                    0.124
  Laboratory findings                                                                                                                                                       
   Initial serum ammonia (µg/dL)^‡^                  97.0 (53.3-130.0)^†^   78.0 (43.0-99.0)^†^                               103.0 (76.0-152.0)^†^                         0.022
   HCO~3~ (mmol/L)                                   18.2±4.6^\*^           19.7±4.8^\*^                                      17.3±4.4^\*^                                  0.106
   Lactate (mmol/L)                                  2.11 (1.34-3.59)^†^    2.25 (1.29-2.87)^†^                               2.04 (1.41-4.09)^†^                           0.934
   BUN (mg/dL)                                       16.0 (12.5-18.7)^†^    15.9 (11.4-17.8)^†^                               16.3 (13.0-19.4)^†^                           0.280
   Cr (mg/dL)                                        0.8 (0.6-1.2)^†^       0.7 (0.6-0.9)^†^                                  0.8 (0.6-1.3)^†^                              0.319
  Outcomes                                                                                                                                                                  
   Total admission days                              8 (3-14)^†^            3 (1-5)^†^                                        12 (7-15)^†^                                  \<0.001
   ICU admission days                                2 (0-7)^†^             0 (0-0)^†^                                        6 (0-9)^†^                                    \<0.001

ED, emergency department; SBP, systolic blood pressure; PR, pulse rate; GCS, Glasgow Coma Scale; ECG, electrocardiogram; SIRS, systemic inflammatory response syndrome; BUN, blood urea nitrogen; Cr, creatinine; ICU, intensive care unit.

^\*^Mean±standard deviation, ^†^Median (interquartile range), ^‡^Initial serum ammonia level was checked in 41 patients out of 45 patients.

###### Features of Complications in Acute Glufosinate Poisoning
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  Complications                    Total (n=29; 64.4%)   Initial^\*^   Later^‡^     Latent times (hrs)
  -------------------------------- --------------------- ------------- ------------ -----------------------------
  GCS\<8                           27 (93.1%)            11 (40.7%)    16 (59.3%)   1.0 (0.0-6.0)^†^ (max: 11)
  Seizure                          23 (79.3%)            7 (30.4%)     16 (69.6%)   7.0 (1.0-15.0)^†^ (max: 34)
  Respiratory failure              15 (51.7%)            2 (13.3%)     13 (86.7%)   4.0 (2.0-9.0)^†^ (max: 14)
  Intubation and ventilator care   23 (79.3%)            2 (8.7%)      21 (91.3%)   8.0 (3.0-20.0)^†^ (max: 48)
  Shock                            2 (6.9%)              0 (0%)        2 (100%)     
  Amnesia                          5 (17.2%)             0 (0%)        5 (100%)     
  Pneumonia                        16 (55.2%)            0 (0%)        16 (100%)    
  AKI                              10 (34.5%)            0 (0%)        10 (100%)    
  Mortality                        4 (13.8%)             0 (0%)        4 (100%)     

max, maximal time; GCS, Glasgow Coma Scale; AKI, acute kidney injury.

^\*^Within 1 hour after emergency department arrival, ^†^Median (interquartile range), ^‡^Over 1 hour after emergency department arrival.

###### Predictors of Neurologic Complications According to Multivariate Logistic Regression Analysis
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  Characteristics         OR      95% CI        *p* value
  ----------------------- ------- ------------- -----------
  Age                     1.130   0.974-1.312   0.108
  Initial GCS             0.334   0.111-1.003   0.051
  Initial serum ammonia   1.039   1.001-1.078   0.046

GCS, Glasgow Coma Scale; OR, odds ratio; CI, confidence interval.
